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Abstract

Litects of magsnetic shear on lower hybrid modes are dnvestipated, It is

shown that due to non—local effects, even a small shear can s nificantly
affect the instability, leading to stabilization for some parameler ranyes,

These results are of importance in the context of the recently propaved

.'_.;L‘,_! heaca

rechanism of lower hivbrid acceleration and jon evolntion “+ the suprauroral

region. 3
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I. Introduction.

It has recently been shown! that ions can be accelerated perpendicularly
to the magnetic field by resonant interactions with current driven lower
hytrid rmodes. This accelerated portion of the ions can evolve into conic
distributions and propagate upwards along magnetic field lines. When they
reach the region where thev can be strongly energized bv the electrostatic
shocks, it is arg:ued1 that the resulting ion distribution can lead to the
excitation of electrostatic ion cyclotron modes., This provides a plausible
explanation of the simultaneous observation of the electrostatic ion cycletron
modes with the kev ion distributions in the suprauroral region.

Since the driving current also produces a magnetic shear, which generally
excerts a stabilizing influence, it is quite important to investigate whether
the lower hybrid mode remains unstable inspite of the influence of shear. The
navnitude of the shear is generallv quite small, with shear length Lg of the
order of 560 km, and it may seem reasonable to ignore it altogether. However,
our recent studies?s? in the context of the current driven ion cvclotron
instability have shown that even a small shear can, due to non-local effects,
sonctimes produce a very significant reduction in the growth rate of an
instability; under some conditions it even leads to stability.

Such 4n investigation was begun during the summer program and led to
interesting prelininary results.® This effort was continued under the
minigrant program and the results todate indicate that the effect of magnetic

sticar can be very significant, and can lead to a stabilization of the lower

hvbrid mode for a wide ranye of phvsical parameters of interest.
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11. Scientific Bachkyround.

The dimportence of lower hybrid waves excited by encrgetic electron beams
in the context of ion acceleration processes has recently been pointed out,l
and it has been argued that a transfer of energy from the electrons to the
ione is effected due to the simultaneous resonance of the lower hybrid (LH)
node with beth the electron and ion populations, This ion acceleration
process is particularly efficient at lower altitudes where the lower hvbrid
waves have a high intensity over a broadbhand of wavelengths. Typicallvy, 1 eV
ions can be raised in energyv to hundreds of eV or bevond in the suprauroral
region by the current-driven LY modes., Since the ions are energized primarily
transverse to the field lines, they acquire “conic" distributions, with pitch
ansles clustering around 9° to 140°, Because of the mirror geometry of the
carth's magnetic field, the transverse energy gained by the ions will be
converted to lompitudinal eneryy as they move upwards. When the ions
propasate across a kilovolt electrostatic shock, they become field aligned.
The combination of such keV ion distributions and of that of the background
inns can lead to the excitation of electrostatic ion cvclotron modes. Thus,
the Lh acceleration mechanism mav provide a possible explanation of the
similtaneous observation of the electrostatic fon cvelotron modes with the keV
irn distributions in the suprauroral rewvion, particulary at altitudes above
Syt Kin.

Central to this scenarin is the idea that high intensity broad band LH
wavee dare excited by the enerypetic electron bems, However, it should be noted
that this conclusion is based on the simplified electrostatic dispersion
rrlutlnn,lvs and the eftects of the maypnetic shear ypenerated by the field

alivned currents have not been considered in equation (2) of Refercence | or
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equation (1) of KReterence 5. Magnetic shear generally excerts a stabilizing
influence, and if it could effectively reduce the growth rates of the LH
nodes, the above mentioned explanations of the ion acceleration process and
the generation of electrostatic ion cyvclotron modes would become untenable.
Thus recognizing the importance of investigating the influence of shear on the
current=driven Li modes, we have initiated a systematic study of tuis problern.
We were motivated to examine this gquestion inspite of the small strenyth
of shear because of past experience and background in the context of our
extensive study2’3 of the current driven ion cycleotron instability, where we
have shown that even a small shear can, due to non-local effects, produce a
significant reduction in the growth rate and also reduce the band width of the
wave numbers for which the mode is unstable,
The formulation of the problem of the lower hybrid mode in the presence of
nmaynetic shear is given in the next section, followed by the method of solution

and 4 discussion of results in subsequent sections.
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LT, Foremclotion of the Shear Problern,

For clectrostatic waves, the dispersion relation for the current-driven

lower hvbrid mode is given by1’5

< K- WZ 2 ~k .U
Spto L K i LS _.L.Ull‘,_ ARG 5L eb, Y
e k~ we Ng k‘\/“tb ‘ k..\'th

where the wave frequency w obeys the condition w i<<w<ce, wei and wen being
) i - E Z 2 .2 co
the ion and clectron cvelotron frequencies; ke = k7 + k3 k <<k 5 kor, <71,
" 1 " 4 L
r. being the electron Larmor radius; o > K Vg, w 2> k!Vio, where Vi, and Vy

are the thermal velocities of the ambient electrons and ions; wpi and Whe are

the respective plasma frequencies, ny the electron beam density, ng, the ambient

electron aensity, Vip indicates the thermal spread of the beam around the bear

. , z
velocity Ly, and we have assumed W,

PO

o <K Wepe

The solntinn of the local dispersion relation (1) is given implicitly by

Y= ,;’j (1 + p"-) - (Z2r/u) 1 - y Z(‘_\')}'L‘, (2)
wire e . = (mj/mt,), o= k/k_L = k"/k,
iz Y.
a = (no/nb), Fo= ""p(’/k Vep = (Ti/T(‘h) (N7 /k rj)
. . 1 v 1 VN
M=t/ i leh = 5 aVens T4 = 5 miVios
an i L)
. r .
vo=ou - o= =y — e (3)
TS N
. , = ; . = l/( = : /\‘ 4
Wil . CT N " . u Uen/Vepe (4)
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For (f/a) << 1, the lecal dispersion relation simplifies to

n
n

{1+ et e L+ sipte (5)

.
..

P
=l

. 7
y = 27 = 'rrl/‘(t-/a)yc y 195 I
where oo and 3 dennte respectively the real and imayinary parts of L. T

srovth rate v varies with tine angle of propapation ¢, attaining a maximur when

. - . . . a . : . N
fhe non-local foruwulation is achievedss3 bv introducting (i) k= k. (x/Lg),

where s is the distance measured perpendicular to the current sheet and Lg is

r'e
z d .
the shear lenyth and (i1) ky = - 17 which converts FEq. (1) into a
X
e . . . . . . . 2
differeatial eguation., The magnetic field is along the z-direction and k=
L
7 2 , d? ) . . ) )
k. + kx + k. - T The resultineg differential equation along with

appropriate boundary conditions constitutes an eigenvalue problem for the

(eomplex) tregueney oo With these substitutions, Eq. (1) can be rewritten as

r; o Z
O i o S [ B (6)

whoere, invokinge £< << 1, we have
Gom o (k) (=T L -2( a0 2 (Ley2 (v ) (7)
The local dispersion relaticon is recovered from Eq. (7) by taking Ly » =, i.e.
C{a,n) o= L (&)

which fe cacily verified to lead to kgs. (2) and (5).
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IVe Solution o the Shear Problen,

e departure from the local dispersion relation 0 = o can be investipated
Feosclvine the differential equation (7), subject to the boundery conditions
that the electrostatic potential function renains bounded, or hos outpolay
cheryy boundary condition.  In general the solution te the differential equation
canrot he ohtaiood i cloced forr, and nuncrical solution or a computer mav be
required.  Howover, one can take advantage of the physical characteristics
erbodied 10 the © fanction, and in particular, use a local Tavlor expansion
arcund sone ancle © ., to be specified later, to obtain an approximate form for o
which enabkles cue to obtain an analvtical solution. This is the approach

adopted here.

One can rewrite Eg. (7) in the form

& | i

- ‘ . . = e]
T = + 0(a,y) ) 6 o (9)
T R G LAt BRI PN B ¢ EUACED DS (1)

For wrall (o/a), 0 is essentially a parabola and this suggests expanding O upto

svoond arder around some convenient, s yet arbitrarv Tangle” v,

1 ; “
T A R 3-(;—,0)4 (PN (11)

fe ioe (Y95 e o Weber eaquation, with a set of solutions given by the product of

a4 Coanesian and derrite polvnomials and an eifenvalue equation tor w

RSV, T N
O/ + 07 /20 . (12)

to | —

o= e LT (el (-

109,

For tvpical snace paraneters we have kor: ~ 1, Lo /vy - p~177 and then the
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firct term oo the ripht ie pencrally neylisible compared to the soconds T

divpersion egnation then simplifies to

(13)

This relation defines a complex w for any given ¢,.. Differcat o, choices
i 2 L ¢ O
wo 23 vove slightdy different w values.  Since this approach rests on the

validity ot the expansion ot © as in kg. (11), we wmust require v to be in the

revion where the absolute velue of the wave packet !¢ attaine ite mamiman.,  For

I . = 2l 1 /
L= enp T Gl ‘/‘(y-w1)2j (14)

3

Wt
b L -
= (= g e A > o (15)
v
- v - v [
. . o (1A)
+ oy ¢ 1 * 3 - 1 . .- - T -
oo ritien thuat g attaine ity manimrs oat o provides
. =0, Re 01 > o. (17)
ooty and (17) torether deteroine o av weil as 4, and then the
. et e woven explicity by ooy i)t (I ) VWhen the first term in
.o oot s liyihle (e s Wit ctro ey chear, o1 larde masg ratios) one
Co e b G dstead o b Chs g e bes (L7) is replaced by

o C,obe co Ty (1e)

Coowldth G the wavejacret b Cle b de o the order of
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veoof the reguirencents of self=-consistency of this approach is that the cubic
b

and hivher order terms net included in Eq. (11) be smaller than the terms that

are retained, with (y=yq) ~ 4u.

TR P

one can use the simpler Egs. (13) and

(172 and explicit evaluation of 0' and 07 based on Eq. (10) leads to

"
|
|
-
L.
—
. ik

, bo=db =0y a)e N
IS = ———— _ e ———— e+ d ,
Cp+b oo -\ ) 3

L o v oand Loare determined dteratively froe boos (3 and (20,
e eiost o e E e s equivolent to ]
T S, a4 (::. /'1)(,““;‘ = I [
1 ’

. _1
Vo el T cedare dw te tind the roaots or (1) e o oo Y and
()

]

: : oar ot I N A Che wimm e e s solntd ciohgse (4, :
w
i o e e e alre gl by thiis procedure e identioal te tin <
)

-

tar Tt [ RN Lsr e (7). Trewe rewalts are diconesed 10 the b
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Table 1
g o= (0.01
Yy (in lU_A)

5 4 3
-(0.57 -0.72 -0,72
-0.65 -0.83 ~J. 94
-0.76 -0.99 -1.25
-1.02 -1.28 -1.70
-2.05 -2.23 -2.73
+0.018
-2.58 -2.69 -3.15
-0.15 +0.072
-3.75 -3.73 -4.06
-1.18 +U,022

XXX -4.,80 -5.n5
-0.58 +0,063
10

mlad nlomla D A PP S T P Y

-0, 40

=1, 60

~-0.98

-1.80

-3.66

-5.19

-6.15

=0.11

-0.18

-0.31

-0.67

-2.44

=-3.35

=-5.32







(4) For very large u, (e.g. u = 10), a fourth dumain appcars for strony
bean strenyths (o < 10). This is a growingy mode with a siynificant v, somewhat
below the local growth rate. However this domain 1s toc far away from the
parancter reyion of practical interest. By extrapolation such a region might
occur for moderate u values if we make a sufficientlv small, below a = 1. Eut
4 = 1 corresponds to the case where the beam density is the same as the anmbicnt
¢lectrun density,

(5) For large a, (i.e. weak beam strengths) one can show analvtically that
¢ oscales as 272, This has been observed in the results for large a ~ 103, The
arvojptotic scaling sete in for smaller a values for smaller u.

() 7 is proportional to £ in this range, as can be seen by comparing Tables
I and 2.

Fror these observations we conclude that in the region of practical
interest, there is only thtie damped mode which corresponds to the danped branch of
t'.o iinear theory. The second mode (which is narginally positive or negative)
vcecurs only for strony currents. Thus the current driven lower hybrid mode is

essentially stabilized.
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Vi, Concluding Roonrks,

We have formalated the problem ot the current driven lower bvbrid mode in
the prescvace of shear and developed the necessary noa—local treatrment for 1ts
sclution. Within the assumptions of the problem, we find that the mode is
esmentially stabilizeds This i1s a sionificant recult, especially in the context
ot the proposcd ion acceleration mechanisme based on the lower hybrid
instability. In view of the inportance of the result, we comment brieflv on the
assut.ptions and the mode of solution, and indicate further aveunues of extending
this work.

we have started with a simplified, electrostatic local dispersion relation.
The full electrostatic dispersion relation expressed as an infinite sum over the
ion cvelotron harmonic terms should be employed as the starting point.

The current channel has bheen assumed to be uniform in space. The physical
cirrent sheets have finite widths (Lc) and the introduction of this new scile
lenrth can be expected to make the results a function of (L./Lg). Yor larce
ciourt Lo, one can expect the present results to emerge. On the other hard, for
stall L., the local theory will be recovered. The precise variation of y with
(L /L) would be a: inportant study. We have carried out a similar study
elicwheres tor the current driven ion cyclotron mode.

The wethod ot solution employed here was based on using a local expansien of
tie v function. Direct numerical intesration of the equation should be carried
out (the so called shooting code method), to ascertain the accuracy of present
results. Even within the analytical method, various self consistency checks

indicate that the full Eq. (12) must be used in the strony current regine (i.e.
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Fioallv, the posaibility of trovelling rmdes (in contrast to tiee nors !

Soder studicd here) shoald be examined, takineg inte account the practical i
. - . . 1
Jeetatrical teatures of the phyvsical demalin ot interest. b
4

We had to lirdt the scope of this work due to limitation of resources and we

. hepe to pursue these and other related questions as and wher further suprart
. - . . L. N s .
becomes avallables  Ar dnterin account of part of this work was presertedt at the
PU=s Arooal Mectingy of the Flasma Physics Livision of the American Phyejeal

Soclety.
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